Abstract Our aim was to characterise the suspension rheology of microfibrillated cellulose (MFC) in relation to flocculation of the cellulose fibrils. Measurements were carried out using a rotational rheometer and a transparent cylindrical measuring system that allows combining visual information to rheological parameters. The photographs were analyzed for their floc size distribution. Conclusions were drawn by comparing the photographs and data obtained from measurements. Variables selected for examination of MFC suspensions were degree of disintegration of fibres into microfibrils, the gap between the cylinders, sodium chloride concentration, and the effects of changing shear rate during the measurement. We studied changes in floc size under different conditions and during network structure decomposition. At rest, the suspension consisted of flocs sintered together into a network. With shearing, the network separated first into chain-like floc formations and, upon further shear rate increase, into individual spherical flocs. The size of these spherical flocs was inversely proportional to the shear rate. Investigations also confirmed that floc size depends on the geometry gap, and it affects the measured shear stress. Furthermore, suspension photographs revealed an increasing tendency to aggregation and wall depletion with sodium chloride concentration of 10 -3 M and higher.
Introduction
Microfibrillated cellulose (MFC) water suspensions have been investigated since the 1980s when Turbak et al. (1983) and Herrick et al. (1983) reported a route for defibrillation of cellulose into its constituent components and suggested very promising applications in thickening foodstuff and suspending solids. The manufacturing of MFC was, however, prohibitively expensive on an industrial scale due to availability of only energy intensive process technologies. Since the 1990s, great progress has been made towards finding economically feasible ways of producing MFC, including enzymatic pretreatment of the pulp (Henriksson et al. 2007) , carboxymethylation (Wågberg et al. 1987; Saito et al. 2006) , and TEMPO mediated oxidation of the fibres (Saito et al. 2006) followed by less intensive mechanical fibre disintegration.
New applications, besides using MFC in suspension form, have been proposed in composites utilizing the transparency of the most defibrillated MFC grades (Ono et al. 2001; Ono et al. 2004; Saito et al. 2006) and the low thermal expansion of fibrils in e.g. optoelectronics (Yano et al. 2005) . Even for these purposes, the manufacturing still includes steps in which the fibrils are in a suspension. Therefore, understanding how to control the rheological behaviour of MFC suspensions is crucial for fully exploiting the capabilities of the material.
Several rheological variables have already been studied with different types of MFC suspensions. The suspensions are usually utilised in concentrations where they form a gel network at rest, i.e. the rheological response of the suspension is elastic dominated (storage modulus G 0 [loss modulus G 00 ) and largely independent of reference time (angular frequency x). The critical concentration for gel formation is inversely proportional to fibre axial ratio a/l (diameter to length) Hill 2008; Lasseuguette et al. 2008) . Furthermore, the rigidity of the elastic gel network at rest (G', from a frequency sweep spectrum) above the percolation limit is scaled following the power law Pääkkö et al. 2007; Hill 2008; Agoda-Tandjawa et al. 2010) , G 0 / ku a , where the factor k depends on axial ratio , k / ða=lÞ 2 , and exponent a on fibril volume fraction (Hill 2008) , a / u. Under steady shear conditions, MFC suspensions are both shear thinning and thixotropic (Turbak et al. 1983; Goussé et al. 2004; Pääkkö et al. 2007; Lasseuguette et al. 2008; Agoda-Tandjawa et al. 2010) , due to the prevailing fibril organisation being broken down by shearing and the time it takes to reach an equilibrium at any given shear rate. The flow curve of MFC suspensions has a characteristic shape. At low shear rates, the shear stress is constant, however, above a certain threshold the shear stress rises as a function of shear rate (Pääkkö et al. 2007; Hill 2008; Lasseuguette et al. 2008; Agoda-Tandjawa et al. 2010) . The plateau region at low shear rates is a measure of yield Agoda-Tandjawa et al. 2010) . The rise in shear stress at a higher shear rate may be due to the organisation of fibrils into a flowing formation (Agoda-Tandjawa et al. 2010; Iotti et al. 2011) .
The above mentioned rheological MFC suspension studies mainly dealt with fibre network characteristics, and the way in which the fibrils are organised within the network, i.e. in flocs, has received only limited attention Ono et al. 2004; Hill 2008; Lasseuguette et al. 2008 ). Studies performed with both macroscopic fibre suspensions (Björkman 2000; Karema et al. 2001; Chen et al. 2002; Björkman 2005; Salmela and Kataja 2005; Hubbe 2007 ) and micro scale colloidal suspensions (Hubbe and Rojas 2008; Mewis and Wagner 2009a) , however, show the great significance of flocculation and the need to analyse its contribution to suspension characteristics. Flocculation affects rheological properties of the suspensions in both processing and at rest. Furthermore, the quality of the products is also dependent on the homogeneity of the fibril distribution (Björkman 2006; Hubbe 2007 ), e.g. paper, films, and composites.
MFC suspensions have both colloidal and noncolloidal characteristics. In MFC the diameter of fibrils depends on the fibril source, their pre-treatment and the degree of fibrillation. The smallest diameters start from 2 to 5 nm of single cellulose I fibrils ranging up to several tens of nanometers of fibril aggregates (Pääkkö et al. 2007; Agoda-Tandjawa et al. 2010) . These values are well below the 1 lm order where colloidal phenomena start to dominate over gravity and inertia in the rheological characteristics (Hubbe and Rojas 2008) . Flocculation of fibres can be divided into two types, macroscopic-and molecular scale (Hubbe 2007) . On a macroscopic scale, it is related to fibre content of the suspension and to fibres gyration when the suspension is stirred, which leads fibres to collide, entangle, and flocculate. On a molecular scale, it is related to colloidal interactions between particles approximately 1-100 nm from each other. These interactions are related to the electrostatic and dispersion effects between fibrils. Both macroscopic and microscopic flocculation factors play a role in microfibrillated cellulose suspensions, but which is dominant is a balance between fibre dimensions and surface properties.
The reason flocculation has received minimal attention in the MFC suspension rheology is, conventional rheological experiments do not provide visual information on the state of the fibrils during the experiment. Therefore, given this restraint, one has been left to ponder with secondary and often very conflicting data on the contribution of flocs (Abe et al. 2007) . With macroscopic cellulose suspensions, imaging studies have been conducted by several authors (e.g. Björkman 2000; Karema et al. 2001; Chen et al. 2002; Björkman 2005; Salmela and Kataja 2005) . To bridge the gap to microscopic scale, we took a new transparent, cylindrical measuring system into use. This allows us to combine visual information with rheological parameters and see how the floc structure adapts to the varying shear conditions. We show how the degree of disintegration of fibres into microfibrils, the gap between the cylinders, sodium chloride concentration, and the effects of changing shear rate during the measurement are reflected in the floc structure and the suspension rheology.
Materials and methods
The starting material was never dried pre-refined birch pulp. First, the pulp was sodium-washed, diluted to 1% wt and dispersed for 40 min at 2,400 rpm with a Dispermat TU laboratory dissolver (VMA-Getzmann GMBH, Germany). The disintegration of fibres into microfibrils was then executed with Microfluidics Ò M110Y Microfluidizer (Microfluidics International Corporation, USA), a high pressure fluids processor. The first fluidisation pass was through 400 and 200 lm chambers with a 900 bar pressure, and the following three or four passes through 200 and 100 lm chambers at a pressure of 1,300 bar. Resulting MFC suspensions 1 and 2 are presented in Table 1 . The total number of passes through the fluidizer was determined based on preliminary tests to obtain floc structure sizes in the observable scale.
NaCl containing MFC suspensions were also prepared in order to estimate the effects of ionic strength on the flocculation and flow properties. NaCl concentrations varied from 10 -4 to 1 M, as shown in Table 1 . To mix in the salt the suspensions went through the fluidiser once more, but this time only through the 400 lm chamber to prevent further fibre defibrillation. The unsalted, five times fluidised suspension also received the same final treatment in order to set an equal shear history. After the defibrillation the suspensions were stored in a refrigerator. The samples were loaded into the rheometer with a stainless steel spoon preceded by gentle stirring to mix in the diminutive amount of water separated during the storage.
Rheological characterisation
All the rheological measurements were recorded using the Physica MCR 301 rotational rheometer (Anton Paar GmbH, Austria) equipped with concentric cylinders geometries and a camera for taking images, see Fig. 1 . As a reference point, DIN concentric cylinders geometry was used with bob and stainless steel cup diameters of 26.67 and 28.92 mm. To facilitate imaging, two simple glass outer cylinder geometries were assembled at our laboratory, see Table 2 and Fig. 2 . The measurements were performed at room temperature (23-25°C). In order to homogenise the floc structure and set a comparable shear history for each sample a preshear interval of 25 min with a shear rate (_ c) of 200 s -1 was performed at the start of the rheological measurements. Furthermore, during this period the bulk of air bubbles trapped in the suspension were relieved. After the preshear, the suspension was left to recover for 1 h, The MFC concentration of every sample was 1.0% wt under small amplitude oscillatory shear (angular frequency (x) 6.28 rad/s, strain 1%, i.e. well within the linear viscoelastic region). During the recovery period, flocculated fibre network development was observed by storage and loss moduli values (G 0 and G 00 ) together with floc growth. After the recovery period, the breakdown of the flocculated fibre network was followed in a series of peak hold experiments. The shear rates used in the peak hold experiments varied between 1 and 50 s -1 with each step lasting 10 min.
Image analysis
The photographs were shot with a Nikon D90 DSLR camera with an AF Micro NIKKOR 60 mm 1:2, 8 D macro lens and Nikon Speedlight SB-800 flash. Images were taken using ISO 200 sensitivity and lens apertures f36/f40. The use of a small aperture was enabled by targeting additional lighting at 90°to the subject and setting a white background paper behind the geometry. Focusing was manual to a point marked inside the glass geometry. The point was erased before metering out the suspension.
Floc size analysis was performed using a method presented by Karema et al. (2001) . Uneven illumination in each image was corrected for using an average image of all acquired images. This correction removes all stationary light intensity variations from original images. For this reason all remaining intensity variations in corrected images are due to changes in suspension properties. Dominant factor causing most of these variations is suspension local concentration. To determine the floc size from the enhanced images, a threshold operation with the median of intensity was carried out in a way that 50% of the image area was marked as flocs and 50% as voids. The distribution of floc dimensions in both x and y directions were then computed for every image in the sequence as the run-length distributionsf (L x ) and f (L y ). (The run length L i is defined as the maximum length of continuous line segment in direction i = x, y that is entirely within the 'floc region' at given location in the threshold image). These distributions were finally averaged to produce the smooth distributions f(Lx) and f(Ly) shown in Fig. 3 .
Results and discussion
First, we will discuss what happens to the suspension structure during the preshear and subsequent recovery intervals. We will then follow the suspension structure decomposition upon introducing steady shear flow conditions. We will accomplish this by investigating a series of linked peak hold experiments. Next, we will show how the floc size and rheology of the suspensions is dependent on the measuring geometry gap and material. We will further demonstrate the effect of the degree of fibrillation on the floc size by comparing four and five times fluidised samples. Finally, we will discuss how adding NaCl to adjust the suspension ionic strength changes the rheology.
Preshear and recovery periods
Apart from fibrils characteristics, the structure of flocculated fibre network is dependent on time and the shear conditions. Under shear, the suspension undergoes fibril network disintegration along with dynamic reconstruction of the network, both dependent on collisions of fibres by shearing and the Brownian motion (Barnes 1997; Mewis and Wagner 2009b) . Depending on the shear rate, individual fibrils move between the flocs while the floc structure adapts to the prevailing shear conditions. During the preshear period steady shear flow conditions at 200 s -1 , the suspension structure approaches steady floc size. This can be inferred from the shear stress leveling of five times fluidised sample in Fig. 4 and the fact that under such high shear rate, structure evolves rather fast in relation 0 to the 10 min observation period. Under these conditions, there is no time for contact point optimisation between individual, flocculated fibrils compared to the fast macroscopic, hydrodynamic interactions between flocs, which are due to physical collisions, and result in the adaptation of the floc structure to the prevailing shear conditions. When shearing is stopped, the structure starts to recover immediately. The apparent floc structure freezes and the suspension retains the macroscopic floc size and the floc size distribution formed during the previous shear interval (Fig. 5a ). Despite the constant apparent floc size during the recovery, the moduli levels rise significantly over the time (Fig. 7) . At rest, the fibrils are limited to local motion, and the rises in the moduli levels reflects the optimisation of fibril contact points, both intra and inter flocs, while the flocs are being sintered together.
Steady shear intervals
After the recovery period, upon introducing a constant shear rate in a series of peak hold experiments, the flocculated fibril network starts to deform and finally (Björkman 2000 (Björkman , 2003a (Björkman , 2003b (Björkman , 2006 . Starting at rest (Fig. 5a ), the network structure first goes through an elastic deformation where the existing floc structure is stretched. Given a sufficiently large strain, the network is not able to stretch further and plastic deformation begins (Fig. 5b , _ c = 1 s -1 ) with voids opening in the network structure parallel to the direction of greatest compression (Björkman 2003a) . When the shear rate is further increased, the fibrils start to flow in chain-like formation, i.e. they are separated from each by the voids, but remain still partially attached in the direction parallel to the greatest compression (Fig. 5c , _ c = 5 s -1 ). With increasing shear rate, these floc chains start to buckle and their dimensions decrease (Fig. 5d , _ c = 10 s -1 ), finally decomposing into separate, spherical flocs (Fig. 5e , _ c = 20 s -1 ). When the shear rate is increased even further, the size of these spherical flocs decreases (Fig. 5f , _ c = 50 s -1 ). These findings are well in line with those of Björkman (2000) .
The effect of measuring geometry gap and material Rheological tests for fibre suspensions are always dependent on the geometry (Barnes 2000; Björkman 2006; Saarinen et al. 2009 ). We used two different measuring gaps with regard to glass geometries, as well as two different geometry wall materials, glass and stainless steel.
Gap and wall depletion
The measuring gap not only limits the maximum size flocs can achieve under any experimental conditions, but it is also related to wall depletion (''wall slip'') phenomenon at the geometry boundaries (Barnes 1995) . Wall depletion is the removal of solid particles from a certain distance around the geometry boundary leaving a layer of low viscosity suspending medium in their place. Thus, when the suspension is sheared, the actual shear rate is higher near the boundary than in -the average floc size results from the preshear interval the bulk of the suspension leaving the observer with an impression of lower than actual viscosity. The thicker the particles in relation to the geometry gap, the thicker the particle free layer at the boundary and the more it affects the results (Barnes 1995) . Therefore, given constant suspension characteristics, the wall depletion should manifest more apparently in results gathered with the smaller gap (0.9 mm).
Storage and loss moduli were followed in a small amplitude time sweep measurement of four times fluidised sample during the 1 h recovery period after the preshear mixing period at _ c = 200 s -1 (Fig. 7) . With the two different glass geometries, the G 00 were at the same level, but with the 0.9 mm gap, the G 0 was lowered in comparison to the 1.3 mm gap. This is likely a consequence of more wall depletion with the smaller gap. The stainless steel geometry yields G 0 levels similar to the larger gap glass geometry, but lower G 00 levels. This could be explained by the glass surface having a negative, repulsive charge due to -OH groups (Behrens and Grier 2001) , and thus inducing a thicker water layer at the boundary. The floc sizes in the preshear were similar in both glass geometries despite the gap difference. The higher shear rates lead to smaller floc sizes, which in turn are less affected by the gap size. Figure 9 shows the average floc diameters for the sample suspension at rest after 59 min (_ c = 0 s -1 ). Figure 8 presents the peak hold measurement curves for the four times fluidised sample with 0.9 and 1.3 mm gaps. Part A contains the results with increasing shear rate from 1 to 50 s -1 and Part B the reverse. The floc sizes presented in Fig. 9 correspond to each shear rate, every value a product of measured floc diameter in x and y direction. The floc size results are averages of two measurements.
General behaviour in floc size at varying shear rate
Comparing shear rate data to measured average floc size revealed a correlation between shear rate and floc size depending on geometry gap. Increasing the shear rate from rest (Fig. 8, Part A) , first increased the observed floc sizes (Fig. 9 ) due to formation of floc chains and then decreased when the formed chains broke down and the individual, spherical flocs diminished. The process is reversible back towards low shear rates (Fig. 8, Part B) showing a deviation at _ c = 5 s -1 and _ c = 1 s -1 . We have two alternative explanations for the observed behaviour. First, the lower the shear rate, the longer the time required for the structure to evolve towards a steady state, which is also seen in the shear stress value. Part B generally has lower shear stress from 5 to 1 s -1 , which is due to the broader distribution of floc sizes. Second, higher shear rates might also cause irreversible changes (aggregation) to the suspensions network structure and therefore shear stress at a given shear rate would decrease. The latter explanation is not likely relevant to unsalted suspensions, but may have been a significant factor with the higher ionic strength samples, as will be discussed later.
Changing gap and degree of fibrillation versus average floc size Figure 9 presents the influences of gap changes on floc diameter averages at different shear rates. The starting point reflects the situation after the preshear interval, which resulted in small average floc size. Starting from rest, the bonds between the existing spherical flocs break down at their weakest points upon subjection to shearing and the liberated flocs begin moving into chain formations. At this point, an increase in width of floc chains is seen in both 1.3 and 0.9 mm gaps. When the shear rate is increased, the floc chains break up and the fibrils start to move in individual, spherical flocs. The spherical floc size decreases monotonically from 20 to 50 s -1 . At all shear rates, the apparent floc size is smaller with the 1.3 mm gap than with the 0.9 mm gap. This, together with the higher shear stresses with 1.3 mm gap, again suggest that the stress transfer with the smaller gap was worse than with the larger gap, i.e. 0.9 mm gap was more susceptible to wall depletion, thus hindering the breakdown of the flocs. Differences in floc sizes and measured shear stresses at a given shear rate even out at higher shear rates, signalling a lessening dependency on geometry boundaries. At higher shear rates, when the flocs become smaller, they are less affected by the gap size. The degree of fibrillation affects the floc size ( Fig. 10 ) and rheological response (Fig. 11) . The average floc sizes are greater with the less fibrillated sample and the shear stresses in steady shear flow smaller. These findings are in line with the increased surface area per volume of F5 compared to F4, which in turn increases the interactions between fibril surfaces.
Effect of NaCl-concentration
Varying the ionic strength of the suspending medium adjusts the balance between repulsive and attractive forces between the fibrils. By screening the electric charges, fibrils can be brought closer together, strengthening the connections between the fibril contact points. At the same time, the higher the concentration of added ions, the increasing probability for permanent microfibril aggregation, as stated by DLVO theory of colloidal stability (after Deryagin and Landau (1941) , and Verwey and Overbeek (1948) ). This collapse of the microfibril network leads to a loss of homogeneous gel structure. Furthermore, higher ionic strengths affect to the stability of the suspension under shear. With higher ionic strength, a lesser shear rate suffices to exceed the stabilising effect of the surface charge of the microfibrils, thus inducing permanent aggregation. . The shearing time at each shear rate is 10 min . The shearing time at each shear rate is 10 min Cellulose (2012) 19:647-659 655 We tested the rheological properties of MFC suspensions in different NaCl concentrations. The interpretation of these results is not straightforward due to issues arising from aggregation and wall depletion, the more severe the higher the ionic strength. Recorded images, however, provide the necessary information for correctly interpreting the rheological data. Figure 12 shows the moduli levels at rest prior to the flow measurements during the 1 h recovery period. We added varying amounts of NaCl to the suspensions. During this period the structure of the suspensions stabilise, regardless of reaching a true steady state value, especially with a higher salt content as seen from the slopes of the moduli curves. A small amount of added NaCl is expected to increase the G' to some extent (Lowys et al. 2001 ), due to a moderate electrostatic screening effect allowing the fibrils to come into slightly closer contact and increasing the interfibrillar friction. On the other hand, higher NaCl concentrations result in the energy barrier collapse and aggregation of the fibrils (Ono et al. 2004) , as seen in Fig. 13 . The aggregation leads to uneven suspension structure and in a narrow gap rheometer the aggregates, which themselves are stiff and dense, may bridge the gap resulting in elevated moduli levels. This is what we see in Fig. 12 : the addition of NaCl at 10 -2 M and upwards leads to aggregation of microfibrils. Figure 14 shows results from peak hold flow measurements for suspensions containing NaCl with a zero molar MFC suspension as a reference curve. At concentration of 10 -4 M, no considerable change appeared on shear stress versus time compared with the unsalted reference. Distinct changes are seen, however, when NaCl concentration is increased. Adding 10 -3 M NaCl, dramatically decreases shear stress levels at every shear rate. This is due to flocs being compacted and, at higher ionic strengths, increasingly aggregated with a corollary of an increased amount of free water and thus lower shear stress. When NaCl concentration is increased further to 10 -2 M and above, severe wall depletion starts to show in the results under shear rates of 20 1/s. Even at 20 1/s (Part A), it takes several minutes before 1 M sample is sheared throughout the complete sample volume in the gap. The salted suspensions are markedly shear thinning, and a layer of low viscous material easily forms near the rotating inner geometry. The more salt added, the higher the apparent shear rate needs to be to overcome the wall depletion and for the complete suspension volume in the gap to be sheared (Barnes 1995) . This is due to the denser, partially aggregated flocs, which are harder to break apart. This effect is demonstrated in pictures taken during the flow. Comparing the higher ionic strength sample (Fig. 15) to the unsalted reference (Fig. 5) , with salt the network structure does not break up uniformly and gradually, but ruptures suddenly with large voids appearing in the image. Table 3 lists how the shear rate at which the voids appear increases with the ionic strength. The rupture precedes the end of severe wall depletion regime discussed with regard to Fig. 14. Considering this, the observed floc size does not reflect the true floc size in the bulk of the suspension until after the whole suspension volume is under constant shear. However, once the suspension is flowing, disintegration of floc structure is analogous to that of unsalted reference sample. From 20 to 50 1/s, floc size is inversely proportional to the shear rate (Fig. 16) , ). An image of the suspension was taken after 9 min 55 s of each peak hold step. The samples were fluidised five times Fig. 15 Example of visible network structure break down with NaCl concentration of 10 -1 M seen during the peak hold measurement. Pictures were taken after 9 min 55 s at each shear rate and the sample was fluidised five times as is to be expected (Björkman 2005) . Compared to the unsalted reference, floc sizes are also larger with the addition of salt.
Steady shear tests

Conclusions
During the characterisation of microfibrillated cellulose water suspensions, rheological measurements were supplemented by visual examination of the floc structure. This allowed us to directly verify the flocculated nature of the material and observe the various stages of the flow when the flocculated network structure was broken down starting from rest and moving towards constant flow at elevated shear rate. Based on our findings the following conclusions can be drawn: At rest, MFC water suspensions form a gel structure consisting of sintered flocs. Upon shearing, this flocculated network structure first deforms elastically, and after a certain limit the flocs break loose from each other. At low shear rates, the loosened flocs flow in a chain-like formation and at higher rates, the floc chains buckle and then separate into individual, spherical flocs. The individual spherical floc size is inversely proportional to the shear rate. Therefore, the decomposition of micro scale MFC network in a water suspension follows the same general behaviour as documented for macroscopic fibre suspensions.
Geometry gap dimensions and material affect the flow of flocculated suspensions. A greater gap size corresponded to a lower average floc size at any given shear rate. This was likely caused by greater wall depletion with the smaller gap hindering the breakdown of the flocs. The transparent geometries were constructed from glass and their surface has a dense population of OH groups. This contributed to the increased wall depletion. The material choices and dimensions in the flow geometries, pipes or pumps, may play an important role in the production processes due to their connection with the energy consumption and suspension homogeneity via the floc structure.
The degree of fibre disintegration into microfibrils depends on the number of passes the suspension has been through the fluidiser. We drew comparisons from suspensions fluidised between four and five times. The four times fluidised sample had a coarser floc structure at any given shear rate. The corresponding shear stresses were also lower.
Ions in the suspending medium greatly affect the flocculation and as a result, the rheological behaviour of MFC suspensions. Adding sodium chloride decreases inter fibrillar repulsion and encourages aggregation and wall depletion. The fibrils remain in flocculated form, and the flocs are larger than without salt. The breakdown of the flocculated network structure in steady shear is the more abrupt the higher the ionic strength, with large fibril free voids appearing in the structure parallel to the direction of greatest compression. 
